
S p e ci ati o n a n d R e a cti vit y of  Ur a ni u m Pr o d u ct s F or m e d d uri n g i n Sit u
Bi or e m e di ati o n i n a S h all o w  All u vi al  A q uif er
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a n d r e o xi d ati o n t h a n cr yst alli n e  U (I V ) p h as es s u c h as ur a ni nit e.  O ur r es ults hi g hli g ht
t h e i m p ort a n c e of c o nsi d eri n g n o n cr yst alli n e  U (I V ) f or m ati o n a cr oss a  wi d e r a n g e of
a q uif er p ar a m et ers  w h e n d esi g ni n g i n sit u r e m e di ati o n pl a ns.

1. I N T R O D U C TI O N

Mi cr o bi ol o gi c al str at e gi es f or t h e i m m o biliz ati o n of diss ol v e d
ur a ni u m i n a q uif ers f o c us o n t h e a d diti o n of e x o g e n o us el e ctr o n
d o n ors t o sti m ul at e gr o wt h of t h e i n di g e n o us  mi cr o bi al
c o m m u nit y. 1 U (I V ) pr o d u cts o bs er v e d i n l a b or at or y a n d fi el d
U ( VI ) r e d u cti o n e x p eri m e nts i n cl u d e bi o g e ni c ur a ni nit e
[ U O2 + x (s )] n a n o p arti cl es 2, 3 a n d a v ari et y of n o n cr yst alli n e
U (I V ) pr o d u cts, i n cl u di n g  U (I V ) c o or di n ati o n p ol y m ers
ass o ci at e d  wit h bi o m ass 4 − 8 a n d  U (I V )  m o n o m ers ass o ci at e d
wit h F e (II )- b e ari n g  mi n er als a n d tit a ni u m di o xi d e. 9 − 1 1 T h e
dis c o v er y of n o n- ur a ni nit e f or ms of  U (I V ) i n bi or e d u c e d fi el d
s e di m e nts7 is a k e y d e v el o p m e nt i n t h e fi el d of ur a ni u m
bi or e m e di ati o n b e c a us e t h es e s p e ci es ar e l ess st a bl e t h a n
ur a ni nit e i n t h e pr es e n c e of diss ol v e d c ar b o n at e s p e ci es a n d
o x y g e n. 1 2

Alt h o u g h t h e pr o d u cts of ur a ni u m r e d u cti o n ar e i n cr e asi n gl y
w ell d o c u m e nt e d i n t h e l a b or at or y, t h eir d e p e n d e n c e u p o n
s p e cifi c t y p es of g e o c h e mi c al c o n diti o ns a n d  mi cr o bi al
m et a b olis ms pr e v al e nt i n t h e fi el d h as r e c ei v e d c o m p ar ati v el y
l ess att e nti o n.1 3 B ar g ar et al. 7 e x a mi n e d t h e pr o d u cts of  U ( VI )
r e d u cti o n i n  w h ol e s e di m e nts bi or e d u c e d i n t h e a q uif er at t h e
U. S.  D e p art m e nt of E n er g y fi el d r es e ar c h sit e at  Ri fl e,
C ol or a d o, aft er 9 0 d a ys of bi osti m ul ati o n, at  w hi c h p oi nt
“d e e p ” s ulf at e-r e d u ci n g c o n diti o ns h a d b e e n a c hi e v e d (i. e.,
c o n diti o ns c h ar a ct eriz e d b y r e d u cti o n of c a. 8 − 1 0  m M s ulf at e
t o s ulfi d e ).  A c et at e sti m ul ati o n of t h e  Ri fl e a q uif er l e a ds t o t h e
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onset of predominantly metal-reducing conditions, followed by
development of sulfate-reducing conditions after a lag time of
ca. 10−40 days,14 with shorter periods observed if the well
gallery had previously been biostimulated. Microbial commun-
ity structure and groundwater/sediment geochemistry under
these conditions contrast strongly. For example, in metal-
reducing conditions, aqueous Fe(II) species accumulate to
concentrations exceeding 100 μM, and planktonic metal-
reducing bacteria are abundant, whereas in sulfate-reducing
conditions Fe(II) is sequestered in solid iron sulfide precipitates
while sulfate-reducing bacteria and aqueous sulfide species
begin to dominate.14 In particular, abiotic reduction often
produces uraninite, whereas biological U(VI) reduction in
axenic culture often produces a mixture of noncrystalline U(IV)
and uraninite. These differences led us to hypothesize that
U(IV) products may vary in structure and stability in response
to microbial community structure and redox chemistry.
Ultimately the reactivity of U(IV) in the field is controlled by
its speciation. Thus, characterizing U(IV) products formed as
aquifer biogeochemical conditions progress is critical to
designing effective field remediation schemes and provides
insights to understand naturally occurring U(VI) bioreduction.
The objective of this study was to determine the effect of the

predominant biogeochemical redox regime on the products of
U(VI) bioreduction under field-relevant conditions. To do so,
we deployed reactors filled with fresh sediments from Rifle,
CO, into groundwater wells at the field research site during the
2010 “Super 8” acetate biostimulation field experiment. The
reactors were continuously eluted with the surrounding
groundwater prior to and throughout the field experiment to
biogeochemically couple them to the surrounding aquifer.
Reactors were sacrificed during late iron reduction and early
and mid sulfate reduction, allowing us to compare the U(IV)
products and their reactivity under contrasting biogeochemical
conditions. Extended X-ray absorption fine structure (EXAFS),
chemical extraction,15 and electron microscopy were used to
characterize the uranium products formed.

2. METHODS

2.1. 2010 in Situ Field Experiments. Sediments were
collected at the Integrated Field Research Challenge (IFRC,
Rifle, Colorado, USA) field site from below the water table with
a backhoe on July 28, 2010, sieved in the field to <2 mm, and
homogenized in the process. The sediments were denoted as
the “Super 8 composite”.16 Sediments were stored moist in
nitrogen-purged aluminized mylar bags at 4 °C before being
packed into borosilicate glass chromatography columns
(Kontes) measuring 2.6 cm in diameter and 15 cm in length
(approximately 80 cm3 of sediments). Acid digestion of the
Super 8 composite (vide inf ra) showed that it contains only

trace concentrations of U ((8.0 ± 2.4) × 10−3 μmol U g−1

sediment; see Figure 3). The in-well column field experiments
were conducted using a design similar to those reported by
Moon et al.17 and Bargar et al.7 Specifically, reactors were
deployed into groundwater well CD-04 in the experimental plot
C well gallery on August 4, 2010 (Supporting Information,
Figure SI-1), located approximately 100 m from the Super 8
composite collection site. The water table depth at the Rifle site
varies between approximately 9 and 12 ft below ground surface
(BGS), and the columns were placed at 14−17 ft BGS to
guarantee they remained submerged throughout the experi-
ment. The Rifle aquifer has low but measurable amounts of
dissolved oxygen (DO),18 typically <0.2 ppm.19 Once deployed
below the water table and prior to acetate amendment, CD-04
groundwater from a depth of approximately 17 ft BGS was
pumped through the reactors at a nominal rate of 16.8 mL h−1,
representing a Darcy velocity of 9.5 × 10−6 m s−1, for 19 d to
recondition the sediments to the aquifer chemistry and
microbiology. Subsequently, on August 23, 2010, amendment
of the entire experimental plot C well gallery with 3 mM acetate
commenced20,21 (Table 1; Supporting Information, Figure SI-
2). Added acetate and uranium (<1 μM) present within the
aquifer reached the columns via groundwater eluted through
the columns. To ensure that sediment uranium concentrations
would be adequate for spectroscopic and microscopic analysis,
the reactors received supplemental acetate (3 mM) and uranyl
(20 μM) amendments beginning on August 24, 2010. This
uranium concentration falls within the range of historical
groundwater U(VI) values at contaminated sites in the
Colorado River basin (<ca. 50 μM).22 Amendments were
made by mixing acetate and a 200 μM stock solution of uranyl
acetate in groundwater at a 1:10 dilution to the influent
groundwater.
The columns were harvested from the well at three times,

designated as T1−T3 (Table 1), corresponding to increasing
time in the well, increasing acetate amendment duration, and
therefore more reducing conditions. Prior acetate biostimula-
tion experiments at the Rifle IFRC site provided valuable
information about when redox transitions would occur in the
aquifer (e.g., refs 7, 17, 23, 24), which was used to pre-plan
harvest dates. T1 reactors received acetate and uranium
amendments for 24 d, after which uranyl additions were halted,
and they were eluted with groundwater for 7 d at 60 mL h−1 to
flush out unreduced U(VI) species. All T1 reactors were
harvested at the peak of Fe(II) concentrations (i.e., under late
iron-reducing conditions) (8 mg L−1, Figure SI-2) and shipped
to Stanford Synchrotron Radiation Lightsource (SSRL) under
anoxic conditions for further analysis. Reactors T2 and T3,
targeted for sulfate-reducing conditions, were initially amended
with the field experiment acetate plume to advance them

Table 1. Experimental Parameters for in Situ Columns

manuscript column name T1 − − T2 T3
field column name 2B 2D 2E 4A 4E
duration: preconditioning groundwater elution (d) 19 19 19 19 19
field acetate amendment starta (day number) 0 0 0 0 0
uranyl column amendment (20 μM) start (day number) 1 1 1 47 47
acetate column amendments concentration (mM) 3 3 3 13b (at 47 d) 13b (at 47 d)
dominant biogeochemical regime iron reduction iron reduction iron reduction sulfate reduction sulfate reduction
duration of acetate column amendment (d) 24 24 24 61 102
duration of uranyl column amendment (d) 24 24 24 15 56

aAugust 23, 2010. bColumns received up to 3 mM acetate from groundwater during the field acetate amendment.
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through the iron-reducing phase and into early sulfate
reduction. Subsequently, they were amended with 13 mM
acetate and 20 μM uranyl acetate, starting on October 9, 2010,
47 d after acetate amendment began in the experimental plot C
gallery and when HS− was present in well CD-04. By waiting to
amend with uranyl until sulfate-reducing conditions had already
begun, we were able to avoid significant “contamination” of the
column sediments by U(IV) produced under preceding iron-
reducing conditions. We are thus able to make a “head-to-head”
comparison of “iron-reduced” and “sulfate-reduced” U(IV)
products. By using 13 mM acetate, we were able to ensure that
sulfate-reducing bacteria (SRB) did not consume all of the
added acetate, and therefore Geobacter could be available to
reduce U(VI) throughout. This design was chosen as a
foundation for a future experiment (not yet performed) in
which lower acetate conditions will be completely consumed by
SRB. The reactor T2 amendment lasted 15 d, after which
uranyl amendments were halted, and T2 was eluted with
groundwater as described above and recovered. The reactor T3
amendment extended for a total of 56 d, and subsequently T3
was flushed with groundwater for 6 d prior to recovery.
During recovery from the aquifer, pre-installed valves located

directly above and below the columns were closed to isolate the
colums from inlet/outlet lines for removal. Within 5−10 min,
the entire intact columns were placed in hermetically sealed
stainless steel shipping containers, which were purged with N2
gas. The glass column walls, end-caps, and rapid handling
procedures prevented oxygen intrusion. Columns were shipped
overnight to SSRL in the purged stainless-steel containers.
Column sediments were divided into top (effluent) and bottom
(influent) sections, transferred into stoppered serum bottles
under 5% H2/95% N2 atmosphere at SSRL, and frozen at −40
°C to halt any further biogeochemical reactions.
2.2. Groundwater Characterization. Groundwater sam-

ples were collected from well CD-04 and other wells in the
experimental plot C gallery several times per week during the
experimental period (August to November, 2010) and analyzed
to determine the concentrations of a broad suite of anions and
cations, dissolved acetate (Figure SI-2), electrical conductivity,
DO, and pH. Details of these analytical methods can be found
in the work of Williams et al.20

2.3. Chemical Extractions. Total uranium in the sedi-
ments was determined by digestion using aqua regia, comprised
of a 1:3 mixture of 15 M HNO3 and 12 M HCl. Prior to
digestion, sediments were dried in a N2(g) environment for 24
h at ambient temperatures to normalize water content.
Approximately 1 g of dried sediment (weighed precisely in
each case) was placed into 5 mL of oxic aqua regia and allowed
to react for 48 h. Duplicate digestions were performed for each
condition. Aliquots of the digest were filtered through 0.22 μm
membranes and diluted as needed in 0.1 N HNO3, and total U
was measured using inductively coupled plasma mass
spectrometry (ICP-MS; Perkin-Elmer ELAN DRC II).
The noncrystalline U(IV) fraction of the total reduced U

pool in the sediments was determined by extraction with 1 M
sodium bicarbonate solutions.15 In an anaerobic chamber
containing 97% N2/3% H2, a precisely weighed sample of each
sediment (approximately 1 g in all cases) was reacted with 10
mL of anoxic 1 M bicarbonate for 24 h. Bicarbonate extractions
were performed in triplicate. An aliquot of each supernatant
was filtered through a 0.22 μm membrane, and 0.5 mL of
supernatant was dissolved into 4.5 mL of oxic 1 M HNO3 to
rapidly oxidize noncrystalline U(IV) extracted into the

bicarbonate solution. The resulting solution was further diluted
into 0.1 M HNO3 as necessary for ICP-MS measurements of
total U. The noncrystalline U(IV) fraction of the total U pool
was taken to be the U measured in the bicarbonate extractions.
Remaining U, calculated by subtracting the noncrystalline
U(IV) fraction from the total U determined by aqua regia
digestion, was interpreted as crystalline U(IV) or UO2(s). An
aqua regia digest of the initial column sediment, prior to acetate
and uranyl amendment, showed that it contains a negligible
amount of uranium (see Figure 3).
Stoliker et al.25 showed that in some cases U(IV) species

extracted from sediments using a 1 M anoxic bicarbonate
solution may be rapidly oxidized, even in the absence of
oxygen. To test for the possibility of U(IV) oxidation following
bicarbonate extraction, the potential presence of adsorbed
U(VI) on the sediments, or a solid U(VI) phase associated with
reactor sediments, a separate 20 μL aliquot of the filtered
anoxic supernatants (see above) was mixed with 1.98 mL of
anoxic 1 M HNO3 and immediately analyzed using a kinetic
phosphoresence analyzer. In these control experiments, no
uranyl was detected as extracted from the sediments. This result
correlates well with X-ray absorption near-edge structure
(XANES) measurements of the same sediments (Supporting
Information, Figure SI-4), which are commonly accepted to
have an error of approximately 10%.26

2.4. Microbial Community Analyses. 2.4.1. DNA Ex-
traction, Amplification, and Sequencing. Genomic DNA was
extracted from 5 g of sediment per sample and amplified using
universal bacterial 16S rRNA gene primers 27F and 1492R,
following methods described by Handley et al.27 After
amplification, Leptospirillum ferrodiazotrophum28 16S rRNA
gene amplicons were spiked into samples at 0.5% final
concentration to serve as a control. Amplicons were fragmented
to an average size of 300 bp, and Illumina libraries were
prepared as described by Handley et al.27 Barcoded libraries
were pooled and sequenced on one-sixth of an Illumina
HiSeq2000 flow cell (Illumina, Inc., San Diego, CA, USA), and
100 bp long paired-end reads were collected.
Reads were trimmed to remove low-quality bases and

assembled into (nearly) full-length 16S rRNA gene sequences
using the EMIRGE (Expectation Maximization Iterative
Reconstruction of Genes from the Environment) method for
16S rRNA gene amplicons.29 Briefly, 1 million randomly
sampled reads per sample were reconstructed into full-length
16S rRNA genes over 100 EMIRGE iterations, and after initial
read mapping to a de-replicated version of the SILVA 108 16S
rRNA database (http://www.arb-silva.de/). During reconstruc-
tion, sequences were clustered into operational taxonomic units
(OTUs) based on similarities of ≥97%. OTU abundances,
calculated on the basis of the number of mapped reads, were
normalized to account for varying sequence lengths. To exclude
unreliable rare sequences, only OTUs with raw relative
abundances ≥0.01% were used in analyses. This resulted in
334−909 OTUs per sample.

2.4.2. Phylogenetic Analyses. Representative OTU sequen-
ces were analyzed using the Ribosomal Database Project (RDP,
release 10) naiv̈e Baysian classifier,30 in order to assign
taxonomy. For comparison, OTUs were BLASTed31 against
the SILVA 16S rRNA database in order to determine sequence
identities. Sequences from all samples were aligned together
using SSU-ALIGN 0.1 (http://selab.janelia.org/software/ssu-
align) and masked to remove inserted columns (which do not
contain aligned nucleotides) as well as regions of low alignment
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confidence, which were determined by the calculation of
posterior probabilities based on alignment to a covariance
model. An approximately maximum-likelihood phylogenetic
tree was generated using FastTree 2.0.1.32 The tree was rooted
to Thermus thermophilus (X07998.1). Sample communities
were compared using phylogenetic (tree-based) and OTU
abundance information with weighted Fast UniFrac.33 Data
were analyzed with and without normalization, which accounts
for potential differences in OTU branch length owing to
different rates of organism evolution.
2.4.3. Accession Numbers. 16S rRNA gene sequences were

deposited in GenBank under the accession numbers
JX221725−JX226064.
2.5. Electron Microscopy. Unreacted Super 8 composite

sediment and sediment samples from reactors T1−T3 were
fixed in epoxy (EpoTek 301) in an anaerobic chamber, from
which 30 μm thick petrographic thin sections mounted on glass
were made (Spectrum Petrographics, Vancouver, WA).
Scanning electron microscopy (SEM) and X-ray energy-
dispersive spectrometry (EDS) were performed on a Carl
Zeiss MERLIN (Oberkochen, Germany) microscope at 3−10
kV accelerating voltages in secondary electron imaging mode
for sediment grains imaging and their chemical analysis.
Quantification of elements was done using an INCA X-ray
EDS system (Oxford). SEM images were collected from more
than 80 individual grains, and from those, EDS measurements
of elemental composition were made on more than 350
individual points. For column T3, which entered into sulfate-
reducing conditions, 137 measurements were made at grain
boundaries, and Fe and S were co-present at 107, or 77.4% of
these points.
2.6. X-ray Absorption Spectroscopy (XAS). U L-edge

EXAFS spectra were measured at beamline 11-2 of the SSRL at
the Stanford Linear Accelerator Laboratory (SLAC) to
characterize the average molecular structure around uranium
in bulk sediments. Sediments were mounted into aluminum
holders covered with Kapton windows in an anaerobic chamber
and mounted in a cryostat cooled with liquid nitrogen to 77 K

to improve data quality. A double-crystal Si (220) mono-
chromator was used for energy selection, detuned 15−30% to
reject higher harmonic intensities. Y and Mo foils were used to
continuously monitor beamline energy calibration. Beamline
energy resolution was controlled at much less than the U LIII-
or LII-edge line width (8.67 eV) using vertical slits. EXAFS
oscillations were subtracted by fitting a smoothly varying
function (spline) to remove contributions below 1.4 Å, which
may result in non-physical pair correlations, using the
SixPACK34 and Horae35 analysis packages. FEFF8.4 was used
to calculate backscattering phase and amplitude functions used
to fit the spectra.36 Further details of the EXAFS fitting
procedures are given in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Metal- and Sulfate-Reducing Conditions within
Whole Sediment Reactors. Changes in the Fe and S
mineralogy and the microbial communities in reactors T1−T3
demonstrate the shift to more reducing conditions. SEM
images of silicate grains accompanied by EDS data (Figure 1)
show that unstimulated Super 8 composite sediment has low
concentrations of S (Figure 1A,B) around the grain surfaces,
and no correlation is observed between these elements. In
contrast, grains from reactor T3 exhibit well-developed sulfidic
coatings in which Fe:S are well correlated at a ratio just below
unity (Figure 1C,D). The ratio of Fe:S in grain coatings in T3
less than 1:1 may be explained by the accumulation of
elemental sulfur resulting from the oxidation of sulfide by
U(VI) or the reaction between aqueous hydrogen sulfide
species and iron oxides.37,38 Additionally, a significant change in
sulfide concentrations in the effluent of reactor T3, increasing
from 0.014 mg L−1, 30 days following field acetate amendment,
to 0.733 mg L−1 after 70 days of field acetate amendment, was
observed (Supporting Information, Table SI-2). Williams et
al.20 reported that elemental sulfur may form in Rifle sediments
via abiotic oxidation of aqueous sulfide coupled to the
reduction of goethite or other Fe(III)-bearing refractory
minerals in the sediments. Furthermore, the development of

Figure 1. SEM images with selected area energy-dispersive X-ray spectroscopy (EDS) data, evidencing the development of FeS coatings on silica
mineral grains in biostimulated sediments: (A,B) preamendment or Super 8 composite sediment and (C,D) sulfate-reducing conditions in column
T3 sediments (influent end of column). A well-developed Fe:S ratio is observed in sulfate-reducing conditions (inset plots of EDS data).
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similar grain coatings was observed in biostimulated sediments
at the Rifle site by Bargar et al.7 after a much longer
biostimulation period (90 d).
Microbial community analyses (Figure 2) record the

transition in redox conditions observed in SEM imaging of

sediment grains. Clear differences among communities
correlate with the duration of acetate amendment and/or
whether collected from the top (effluent) or bottom (influent)
of columns (Figure 2). Communities collected from T1
reactors grouped together and separated from communities in
reactors T2 and T3 (Figure 2; Supporting Information, Figure
SI-3A,B). In contrast, communities collected at the Infl and Effl
ends of reactor T2 were distinct from one another. The T2 Infl
community was evidently more similar to the later T3
communities, in particular the T3 Effl community. The Rifle
IFRC site is far from thermodynamic equilibrium; thus,
nonequilibrium, kinetics-based approaches must be invoked
to explain U transport at the site.39 The column reactor
sediments are also far from equilibrium conditions, which
allows for redox heterogeneity along the length of the column
(15 cm) and at the micrometer pore scale during acetate
amendment.7

In terms of composition, there was an overall decrease in
Proteobacteria and increase in Firmicutes with time (Figure SI-
3C). Specifically, bacteria most closely related to Geobacter,
other Desulfuromonadales, and Rhodoferax (Betaproteobacteria)
were abundant at T1. At later time points these bacteria

decreased in relative abundance, and Firmicutes most closely
related to Desulfotomaculum and other Peptococcaceae increased
(Figure 2; Figure SI-3C). The un-amended sediment
community differs substantially from the acetate-amended
communities and does not contain abundant (>1%) Desulfur-
omonadales or Peptococcaceae.27,29

The results demonstrate the presence of abundant bacteria
that are phylogenetically similar to known Fe(III) reducers
(Geobacter and other Desulfuromonadales bacteria, Rhodoferax,
Desulfosporosinus)32 in the T1 reactors. In reactors T2 and T3,
the proportion of bacteria closely related to known sulfate-
reducers increased substantially. Potential SRB include the
Deltaproteobacteria Desulfocapsa and Desulfobulbaceae and the
Firmicutes within the Peptococcaceae, Desulfosporosinus and
Desulfotomaculum.41−44 The progression from Fe(III)- to
sulfate-reducing community occurred earlier in the bottoms
(Infl) section of columns than in the tops (Effl), as acetate-
amended groundwater was pumped up through the columns
from bottom to top. Consequently, the community at the base
of each column had access to higher concentrations of acetate
throughout the experiment.
While there is no unique gene indicative of uranium

reduction, acetate-enriched Geobacter species, which persisted
throughout the amendment period, represent strong candidates
for enzymatic Fe(III) and uranium reduction within the aquifer
(e.g., ref 45). This is particularly likely during early amendment,
when they were relatively more abundant. Even so, uranium
reduction may also be attributed to other enriched bacteria.
Some Desulfosporosinus and Desulfotomaculum species, for
example, can reduce uranium.46,47

3.2. Characterization of U(IV) Products. Aqua regia
sediment digestions revealed large differences in total uranium
accumulated in sediments as a function of both reactor (T1−
T3) and position within an individual reactor (top or bottom).
Total uranium concentrations in the sediments vary from near
zero to approximately 1 μmol of U per gram of sediment.
Generally, more uranium was accumulated in the bottom
sections of the reactors, where the influent groundwater
containing acetate and uranium entered (Figure 3), and
where conditions were more reducing than in the effluent
sections of the same columns. There was also more uranium as
columns became more reduced, i.e., T3 > T2 > T1. This
phenomenon is likely due to a combination of longer reaction
times and faster U accumulation rates under sulfate reduction
possibly involving biogenic iron sulfide minerals such as
mackinawite.7,10

Uranium XAS data were collected for the influent and
effluent sections of reactors T1 and T3 and the influent section
of T2. XANES data indicate that between 75 and 100% of the
total uranium pool is present as U(IV) species (Figure SI-4).
Despite large differences in the total sediment uranium
concentration (Figure 3), time of reaction, and redox
conditions (Figures 1 and 2) among the reacted sediments,
the U EXAFS spectra are similar to one another (Figure 4;
Supporting Information, Table SI-1, Figures SI-5 and SI-6). In
particular, all spectra contain a clear and reasonably strong
signature of P (or C) shells at ca. 3.1 and 3.7 Å that is
consistent with noncrystalline U(IV) associated with bio-
mass.4,5,8 The presence of a small U−U peak at 3.8−3.9 Å
implies that a small fraction of U(IV) in the samples is present
as uraninite.2,48 Uraninite is produced following the reaction of
U(VI) with a variety of sulfate-reducing, metal-reducing, and
other bacteria45,49−52 and with abiotic reductants including

Figure 2. Microbial community analyses showing community
composition of the most abundant taxa (>1% relative abundance) at
the genus (or nearest taxonomic) level. “Effl” and “Infl” denote the top
(effluent) and bottom (influent) ends the columns, respectively.
Labels at the bottom correspond to individual field columns. Columns
2D and 2E are replicates of the 2B column. Black boxes demark
potential Fe(III)- and sulfate-reducing taxa (i.e., Geobacter and other
Desulfuromonadales; Rhodoferax; Peptococcaceae such as Desulfospor-
osinus and Desulfotomaculum; and Desulfocapsa and Desulfobulbaceae).
Abbreviations: CFB, cytophaga flavobacterium bacteroidetes; Betaprot,
Betaproteobacteria; Deltaprot, Deltaproteobacteria.
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mackinawite10,53 and other ferrous sulfides and oxides.48,54−56

HS−(aq) is expected to be insignificant as a reductant for U(VI)
in Rifle groundwater24 because (bi)carbonate concentrations in
the millimolar range, such as are observed in Rifle groundwater,
inhibit the reduction of aqueous U(VI).57

The noncrystalline U(IV) fraction of the total U(IV) pool as
estimated by bicarbonate extraction15 is constant within
analytical and replicate error for the top and bottom sediment
sections of all three reactors and averages approximately 65%.
This result is also consistent with other studies of bioreduced
U(IV) species formed in laboratory58 and field7 experiments
that use sediments from the Rifle field site. Sharp et al.58

conducted laboratory column experiments with Rifle IFRC
sediments and amended a solution containing 15 mM acetate,
55 μM uranyl acetate, and 30 mM bicarbonate until iron-
reducing conditions were achieved. Sulfate reduction was not

reached because sulfate was not added to the influent solution.
They observed an immobilized U pool in the sediments
dominated by noncrystalline U(IV), suggesting that laboratory
column studies may be reasonable proxies for field studies such
as ours.
The extraction and EXAFS results suggest that the U(IV)

species remain dominated by noncrystalline U(IV) through
metal-reducing and deep into sulfate-reducing conditions. The
apparent constancy in U(IV) speciation implies a constancy in
the mechanism(s) of reduction. Similar to Williams et al.,20 we
note that Geobacter spp. are present throughout iron- and
sulfate-reducing conditions (Figure 2). Since Geobacter and
potentially other U(VI)-reducing species are active across
widely ranging redox conditions, the U(VI) removal mecha-
nism(s) they employ may be operable and produce similar
U(IV) products throughout. However, the presence of
Geobacter cannot explain the strongly increased uranium
accumulation under sulfate-reducing conditions. Another
mechanism is thus inferred to be present.
While we cannot deduce a specific reaction mechanism or set

of mechanisms to reconcile these results, we note that the
presence of bacterial biomass is a constant throughout the
experimental conditions. Bargar et al.7 proposed a generalized
reaction pathway in which the presence of bacterial biomass
played a key role as a strong U(VI) binding substrate.
According to this model, U(VI) bound to phosphoryl sites or
phosphate groups in biomass could be reduced to U(IV) by
electrons conferred via shuttles (soluble inorganic or organic
shuttles or conductive pilli, or combinations thereof). U(IV)
reduced in this fashion would remain complexed to biomass
functional groups as noncrystalline U(IV). Stylo et al.,13 using
single species cultures, further demonstrated that solution
geochemistry controlled the viability of Shewanella cells and
their ability to produce exopolymers during U(VI) reduction in
Rifle composition groundwater. Exopolymer production was
directly related to a larger fraction of non-crystalline U(IV) in
the overall reduced uranium pool. This model could help to
explain the relative abundance of noncrystalline U(IV)
observed in the present study across strongly contrasting
biogeochemical regimes. In any case, so long as reducing
agents, electron shuttles, and microbial exopolymers are present
that can bind and reduce U(VI), then noncrystalline U(IV) is
likely to be produced.

3.3. Environmental Implications. Although groundwater
geochemistry has been shown to influence the speciation of
U(IV) formed in sediments (e.g., refs 6, 13), this study
indicates that factors including the sub-surface redox con-
ditions, dominant microbial community and physiology, grain-
coating mineralogy, inorganic reducing agents, and total U
accumulated in the sediments do not dictate the appearance of
noncrystalline U(IV) within the range of geochemical and
microbial conditions tested here.
Driving an aquifer into sulfate-reducing conditions during

bioremediation may be a sound strategy to increase the stability
of U(VI) reduction to U(IV) species, i.e., via association with
FeS, particularly as this does not appear to impact the
speciation of the resulting U(IV) products. As long as reducing
conditions are maintained and in the absence of elevated
aqueous carbonate concentrations, U(IV) should remain
immobile, even if present as noncrystalline U(IV) species.
However, if the groundwater chemistry changes, the high
fraction of noncrystalline U(IV) species, shown to be more
easily mobilized and oxidized than uraninite U(IV),12 could be

Figure 3. Uranium quantification in sediments, including bicarbonate-
extracted noncrystalline U(IV) species (red bars) and total U (blue
bars) from aqua regia digests, reported in μmol of U per g of sediment.
The uranium quantification for reactor T1 represents an average over
the entire column, whereas T2 and T3 were divided into influent and
effluent sediment U extractions. The fraction of total U present as
noncrystalline U(IV) species (black circles) is nearly constant for all
sediments. Error bars represent the combined replicate and
instrumental error.

Figure 4. Uranium LII-edge EXAFS and Fourier transforms for (A)
column T1 Effl, (B) column T1 Infl, (C) column T2 Infl, (D) column
T3 Effl, and (E) column T3 Infl.
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of concern. Future studies should examine the impact of time
and of different aquifer geochemistry and mineralogy on U(IV)
speciation, to further constrain field parameters that impact
U(IV) speciation after aquifer biostimulation.
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